LIS1 is one of the genes that has a principle role in brain development since hemizygote mutations in LIS1 result in a severe brain malformation known as lissencephaly ('smooth brain'). LIS1 is a WD repeat protein and is known to be involved in several protein complexes that are likely to play a functional role in brain development. We discuss here the brain developmental phenotype observed in mice heterozygote for an N-terminal truncated LIS1 protein in view of known LIS1 protein interactions. Molecular Psychiatry (2002) 7, 12-16. DOI: 10.1038/ sj/mp/4000975
Formation of the brain structure is a complex process that requires the coordinated function of multiple genes. LIS1 is one of the genes that has a principle role in brain development since hemizygote mutations in LIS1 result in a severe brain malformation known as lissencephaly ('smooth brain'). We have recently generated a mouse model for this disease by a targeted deletion of the first coding exon. 1 The deletion resulted in a shorter protein (sLIS1) that initiates from the second methionine. Homozygotes are early lethal, although heterozygotes are viable and fertile. Some aspects of corticogenesis are abnormal in the heterozygotes. Biochemically, the mutant protein is not capable of dimerization, and enzymatic activity of plateletactivating factor acetylhydrolase (PAF-AH) is elevated in the embryos, thus a first demonstration of the in vivo role of LIS1 as a subunit of this enzyme. This mutation allows us to determine a hierarchy of functions that are sensitive to LIS1 dosage, thus promoting our understanding of LIS1 role in the developing cortex.
Lissencephaly
Lissencephaly is a severe human brain malformation. The one in 30 000 children who are born with this devastating condition do not reach measurable developmental stages, suffer from recurrent seizures and their brains lack most of the normal convolutions. Careful examination of the lissencephalic cerebral cortex reveals abnormal cortical organization. In humans, lissencephaly has been shown to be caused by mutations in either the genes for Doublecortin (DCX) which is Xlinked 2,3 or LIS1. 4 The mutations usually involve deletions in one allele of the LIS1 gene implying dosage sensitivity for the gene product. 4, 5 Subsequently, point mutations were detected as well. [6] [7] [8] In addition, a patient with an in-frame N-terminal deletion was Correspondence: Dr O Reiner, Department of Molecular Genetics, The Weizmann Institute of Science, 76100 Rehovot, Israel. Email: Orly.ReinerȰweizmann.ac.il reported, 8 showing a less severe degree of cortical abnormality.
LIS1 and microtubule regulation
Understanding why mutations in LIS1 result in a severe brain malformation has proven to be a difficult task. LIS1 is a member of the WD (tryptophan-aspartic acid) repeat family of proteins. A hallmark of this family is their involvement in multiple protein-protein interactions, 9 LIS1 is not an exception and it interacts with a large number of proteins (recently reviewed 10 ). LIS1-protein interactions may be grouped conceptually into two classes: evolutionary conserved and relatively new interactions. Much has been learnt from the interactions that have been conserved throughout evolution. 11 NudF, a LIS1 homolog in the fungus Aspergillus nidulans was identified in a screen for mutants defective in nuclear migration. 12 Other mammalian homologs of genes involved in this pathway have been shown to interact with LIS1. For example; the mammalian homolog of nudC, a protein that controls the levels of nudF in Aspergillus nidulans, 12 that was shown to interact with LIS1. 13 This is consistent with a similarity of mechanism between nuclear movement in the fungus and neuronal migration in the brain. A tight relationship between LIS1, microtubule based motor proteins, and microtubule regulation has been suggested in many organisms. In Aspergillus nidulans a mutation in the alpha tubulin gene suppresses mutations in nudA, nudC, nudG and nudF. 14 We have shown that LIS1 interacts with tubulin and can modulate microtubule dynamics in vitro, 15 suggesting an evolutionary conserved LIS1 function. This interaction and probably others are regulated by phosphorylation. 16 Several of the nud genes (nudA, nudI and nudG) are subunits of cytoplasmic dynein, a microtubule-based motor protein, and nudK is a part of the dynein regulatory complex dynactin. [17] [18] [19] Recently, it has been shown that the Aspergillus nidulans cytoplasmic dynein heavy chain and NUDF localize to microtubule ends. 20 Furthermore, microtubules of nudA and nudF loss-of-function mutants were less dynamic; They showed a lower frequency of microtubule catastrophe events, a lower rate of shrinkage during catastrophe, and a lower frequency of rescue. The microtubules in the mutant cells also paused longer at the hyphal tip than wild-type microtubules. 20 Genetic interaction of LIS1 with the dynein/dynactin/microtubule-mediated pathway has also been suggested from work on early development in Drosophila. [21] [22] [23] Here, Lis1 was demonstrated to be essential for germ-line division, nuclear positioning and oocyte differentiation much like the dynein heavy chain. Also in Saccharomyces cerevisiae, a LIS1 homolog was found to be involved in nuclear migration. 24 
Dynein
Recently, a direct interaction of LIS1 with the dynein heavy chain (in the P1 loop region) has been demonstrated. 25 Dynein, dynactin and LIS1 co-immunoprecipitate and colocalize in tissue culture and in the brain. 26, 27 Microtubule-based motor proteins are essential components of the mitotic spindle and are required for segregation of sister chromatids (recently reviewed by Sharp et al 28 ) . Indeed, overexpression of LIS1 in cultured mammalian cells interfered with mitotic progression and led to spindle misorientation. 26 Furthermore, injection of anti-LIS1 antibodies disrupted attachment of chromosomes to the metaphase plate and led to chromosome loss. 26 Dynein function is not restricted to mitosis. Dynein's roles in intracellular transport are highly developed in neurons due to their large size, polarization, and ability to communicate at long distances (recently reviewed by Goldstein and Yang 29 ) . In COS-7 cells overexpressing LIS1, more dynactin was found in larger, possibly functional complexes. 27 In these cells, microtubule organization was altered, their typical radial array was disrupted, and the transport of microtubule fragments to the cell periphery was enhanced. 27 This was paralleled by studies in fibroblasts derived from Lis1-heterozygous null mice in which microtubule organization was disrupted and demonstrated a marked perinuclear concentration. Also, the cellular distribution of dynactin in these fibroblasts was more diffuse. 25, 27 Moreover, LIS1 levels affect Golgi distribution, which is an additional dynein function.
25,27

NudE and NudeL
Recently, an additional member of the LIS1/dynein/ dynactin pathway was identified, nudE, a multicopy suppressor of a mutation in the nudF gene. 30 NudE is the Aspergillus nidulans homolog of the Neurospora crassa nuclear distribution gene ro-11. The RO11 protein is known to participate in the cytoplasmic dynein pathway. 31 NUDE contains a coiled-coil domain that is present in several proteins including the mitotic phosphoprotein 43 (MP43) of Xenopus laevis, and a related Drosophila gene. 32 There are two mammalian homologs NUDEL and mNudE or rNudE, and they share 85% similarity in the coiled-coil domain. Interestingly, NUDEL is identical to endooligopeptidase A. 33 The rabbit brain endooligopeptidase A is a thiol-activated oligopeptidase which is able to generate enkephalin from a number of opioid peptides and to inactivate bradykinin and neurotensin by hydrolyzing the same peptide bonds. Whether LIS1 controls this enzymatic activity and how is not yet clear.
It has been shown that the NUDF protein interacts with the coiled-coil domain of NUDE 30 and also with this domain in Xenopus MP43. 30, 32 The interaction is evolutionary conserved: LIS1 interacts with the two Molecular Psychiatry mammalian homologs of NUDE. 25, 30, 34, 35 NUDEL and mNudE colocalize with LIS1 predominantly at the centrosome or the microtubule organizing center (MTOC). 25, 32, 34 It is suggested that LIS1, NUDEL and mNudE, though interacting with cytoplasmic dynein, appear to modulate its functions in distinct ways. It has been noted that NUDEL and mNUDE contain multiple putative phosphorylation sites. 25, 30, 32, 34, 35 Among the putative sites there are several consensus Cdk5 sites and indeed Cdk5 phosphorylated NUDEL in vitro. 25, 34 Cdk5 function is crucial in cortical development as mice lacking this serine/threonine kinase or its neuronal activator p35 display inverted layering of neurons. [36] [37] [38] [39] [40] A series of experiments demonstrated that NUDEL is likely to be a physiological substrate of Cdk5. 34 Thus it may form a link between a Cdk5 and a LIS1-mediated neuronal migration pathway.
LIS1 and Doublecortin
There are several LIS1 interactions that are not conserved in evolution but may still be important in structure formation of the human brain. We have detected an interaction between LIS1 and Doublecortin (DCX). 41 Mutations in two different genes may result in type I lissencephaly: LIS1, 4 and doublecortin, an X-linked gene. 2, 3 The phenotypic presentation of the patients is very similar. However, while the frontal brain is more affected in patients with mutated doublecortin, LIS1 mutations affect mainly the parietal and occipital cortex. 7 The product of the doublecortin gene associates with and stabilizes microtubules. [42] [43] [44] We have identified the tubulin binding domain of DCX and found it to be an evolutionary conserved repeat, even though so far no homologs were identified in Aspergillus nidulans. 45 Our results suggest that LIS1 and DCX are coexpressed, interact and can function in the same protein complex in the developing brain. 41 Although the exact mode of action of the two proteins may differ, we raise the possibility of a crosstalk between them.
PAF-AH
LIS1 was initially found to be a regulatory subunit of platelet-activating factor acetylhydrolase (PAF-AH) Ib. 46, 47 A homolog for the catalytic subunit in Drosophila was identified. However, it lacks both enzymatic activity and the ability to interact with LIS1. 48 Interestingly, a Drosophila LIS1 homolog does interact with mammalian PAF-AH catalytic subunits 48 suggesting that the interaction with this enzyme is a relatively recent event in evolution. Is PAF-AH important for brain development? PAF-AHs are enzymes that inactivate Platelet Activating Factor (PAF) by removing the acetyl moiety at the sn-2 position of PAF. Among its numerous known roles, PAF can act as an intracellular messenger and can affect neuronal differentiation. [49] [50] [51] Exposure of neurons to PAF results in growth cone collapse, 52 and inhibition of PAF-AH suppressed migration of cerebellar neurons in vitro. 53, 54 Zellweger syndrome patients lack PAF due to disturbed peroxi-some biogenesis 55 and have severe neuronal migration defects. 56 In a mouse model for the disease these neuronal migration defects were recapitulated, 57 suggesting a possible role for PAF-AH enzymatic activity in brain development.
LIS1 function in development
LIS1 is proven to be essential for life in Drosophila and in mouse. The protein is expressed as a maternal component of the oocyte in both cases 21, 58 and embryos homozygous for the mutated allele die as larvae [21] [22] [23] or following mouse embryo implantation. 59 Furthermore, as seen in heterozygote and compound heterozygote animals it is clear that there is a dose specific response to reduction in LIS1 levels. While half dosage of LIS1 only slightly affects neuronal migration in the developing cortex and adult layer organization appears normal, further reduction in the compound heterozygote severely obstructs adult cortical and hippocampal organization. 59 Circumventing early lethality in Drosophila using elegant genetic techniques 60 demonstrated multiple functions of Lis1 in mushroom-body neurons. Lis1 was found to be essential for neuroblast proliferation. Dendritic growth, branching and maturation were severely impaired in a cell autonomous manner opposed to normal axonal pathfinding and branching. Dendritic abnormalities were also observed in the hippocampi of Lis1−/+ mice. 61 In Drosophila Lis1 mutant neurons exhibited atypical swellings along the entire length of the axon and axonal transport abnormalities were observed. Very similar results were obtained by mutating the Drosophila dynein heavy chain (Dhc64C) however, axonal swellings preferentially decorated the ends of axonal branches.
Disruption of mNudE/MP43 -LIS1 interaction in Xenopus embryos was undertaken using a dominantnegative approach, involving overexpression of the coiled-coil domain of MP43. 32 The observed phenotype was striking: in the injected side cellular layers of the retina were poorly organized, and the architecture of the forebrain and midbrain was abnormal. Interestingly, non-neuronal tissues were not affected. 32 These results strongly suggest the importance of mNudE/MP43-LIS1 interactions in the developing nervous system. Future experiments aimed to evaluate mNudE/MP43-dynein interactions will assist in interpretation of this impressive phenotype.
We have recently generated a new mutant allele for Lis1. 1 Homozygote mouse embryos were lethal at an early post-implantation stage, similar to the mice generated previously. 59 Our mutation resulted in a shorter LIS1 protein that initiates from the second methionine (M63), thus lacks two thirds of the coiled coil N-terminus. In the mutant heterozygous mice we noticed normal levels of wild-type protein and in addition expression of the mutant short LIS1 protein. The shorter protein (sLIS1) enabled us to study biochemical parameters of the mutated protein in addition to the developmental phenotype of mutant embryos. In the past, we have shown that LIS1 functions as a dimer, 62 this has been shown also for the NUDF homolog, 63 suggesting that homodimerization is an important parameter in LIS1 function. Dimerization is not characteristic for WD repeat containing proteins. 64 We demonstrated in our study that the mutant protein is incapable of associating with the normal protein. Since sLIS1 also did not associate with PAF-AH catalytic subunits, we examined PAF-AH enzymatic activity. Interestingly, enzymatic activity in the mutant embryos was elevated. We demonstrated that PAF-AH activity is not found in association with microtubules. Therefore we assume that LIS1 independently participates in different interactions and the complex balance between the interactions is important. Next we examined the interaction of the two LIS1 isoforms with preassembled microtubules. In this assay the microtubules are assembled in the presence of MAPs (microtubule associated proteins) and taxol. As demonstrated previously, normal LIS1 protein is found in both the cytoplasmic and microtubule-associated fractions 15 and we detected a normal distribution of the mutated protein (sLIS1) between the microtubule cytoskeleton pellet and the cytoplasmic fraction. Since LIS1 is found in multiple protein complexes in vivo, we examined the fraction distribution of the normal and sLIS1 proteins using gel filtration. Both normal LIS1 protein and sLIS1 reflect high molecular weight complexes, but sLIS1 peaks at about 80 kDa while LIS1 peaks at 150 kDa, 62 meaning that some of the protein interactions of LIS1 and sLIS1 differ.
What is the phenotype in the developing brains of the sLis1/Lis1 mutant embryos? We noticed a delay in formation of the cortical plate specifically in the dorsal part of the developing telencephalon. In both wild-type and Lis1/sLis1 embryos the splitting of the preplate by the cortical plate occurs gradually from ventro-lateral to dorso-medial across the plane of the neopallium. This gradient is paralleled by Lis1 expression: at E12.5 and E13.5 it is expressed in decreasing gradients from dorsal to ventral and caudal to rostral (Figure 1 ). The sites of highest Lis1 expression in the dorsal and caudal cortical regions correspond to the areas of the most pronounced phenotypic defects in Lis1/sLis1 animals. It has been hypothesized that the maturation of neurons in the cortical plate plays a crucial role in the invasion of layer 4 by thalamocortical afferent axons. [65] [66] [67] [68] The retarded development of the cortical plate in Lis1/sLis1 embryos led us to speculate that axonal development might be altered as well, and indeed the projections of thalamo-cortical axons were markedly reduced in the mutant embryos. We followed the progression of neuronal migration, and by injection of BrdU at E13.5, followed by sacrifice at E15.5, revealed differences in the pattern and distribution of labeled cells in the occipital cortex. In heterozygous embryos significantly fewer labeled cells were found in the most superficial portion of the cortical plate. This area of the cortex contains newly-arrived postmitotic neurons thus implying slower migration of the mutant neurons. Quite strikingly, the labeled neurons in the cortical plate of het- 1 (c) General scheme of LIS1 and sLIS1 protein interactions. LIS1 is predominantly a dimer and is found in association with microtubules, as homodimers in the cytoplasm and these homodimers are found interacting with PAF-AH catalytic subunits in the cytoplasm. LIS1 can interact with ␣1 dimers, with ␣2 dimers or with ␣1/␣2 heterodimers. sLIS1 can interact with microtubules, but not with PAF-AH subunits, nor can it interact with LIS1.
erozygous Lis1/sLis1 display abnormal morphology and organization. Interestingly, clusters of labeled cells were often located at the pial surface. In the wild-type mice isolated tangentially oriented single cells were only occasionally observed near the pia, and such clusters of cells were not detected. In addition, the overall organization of the radial glia in Lis1/sLis1 embryos is strikingly abnormal: many glial fibers follow a rather curvaceous path in dorsomedial cortical areas although they remain parallel to each other along this trajectory. This is in contrast to the normal rather straight pathway followed by the radial glia observed at E15.5 in wild-type embryos. 69 Radial glia are fundamental for the normal development of the cortical plate. They serve as a scaffold for neuronal migration and route Molecular Psychiatry some ingrowing axons into the cortical plate (reviewed by Super et al 70 and Rakic 71 ). The most pronounced phenotype during cortical development is in the far caudal part of the brain. Since, no abnormalities were observed in other brain areas or in other organs we do not think that general non-specific growth retardation is a likely explanation for the observed phenotype. Specifically, in this area we detected: a delay in cortical plate formation, possibly slower neuronal migration, delay in thalamocortical axon growth, and abnormal morphology of radial glia and neurons. At E14.5 a unilateral extra fold was observed in the cortex of most mutant mice, possibly as a consequence of abnormal radial glia organization. Importantly, the caudal portion of the telencephalon shows the highest level of Lis1 expression in the mouse cortex and is the region where most noticeable brain malformations occur in LIS1-mutated lissencephaly patients. 7 Can the biochemical results help us to explain the brain developmental phenotype? Within the caudal brain region we detect abnormal morphology of the neurons. Although the interaction of sLIS1 with preassembled microtubules did not differ significantly from that of LIS1 it is possible that the interactions of sLIS1 with the tubulin subunits alter the dynamic properties of microtubules. We suggest that the abnormal cellular morphology observed can be attributed to LIS1 microtubule regulatory function. Furthermore, our results showed that the mutant protein can interact with microtubules perhaps occupying LIS1 binding sites. This may result in a local increase of the normal protein that can enhance specifically the enzymatic activity of PAF-AH ␣2 dimers. 72 The net effect of higher enzymatic activity will be reduced PAF concentration that may in turn affect the cytoskeleton. 73 The mutant protein may also alter the interactions with dynein, mNudE or NudeL in Lis1/sLis1 cells. The observed phenotype could be explained as a developmental and region-specific dominant negative effect of the truncated protein, with perhaps its greatest effect during periods of proliferation and migration (Figure 1) .
Lissencephaly in humans, caused a wide range of mutations at the LIS1 locus, with the most common being large deletions, results in less protein. 5 The mutation we generated resembles that of a patient with an in-frame N-terminal deletion. 8 Indeed, just as our analysis detects partial protein synthesis from the mutated allele, a similar partial protein was detected in this specific patient. 8 Therefore, in the case of this mutation, it appears that the cells contain more LIS1 protein, normal amounts of the wild type protein resulting from the normal allele and in addition the sLIS1 product from the mutated allele. Compared to classic lissencephaly, 5 the N-terminal deletion patient showed a less severe degree of cortical abnormality including no seizures. Likewise, Lis1/sLis1 mice have no seizures (unpublished data), unlike Lis1−/+ mutant mice where five percent die from seizures at 3-5 weeks of age. 59 In both the null allele and Lis1/sLis1 the adult brain cortices are normal, but abnormalities in the hippocampus were observed only in the null allele. 59 Nevertheless, in both mutations homozygous mutant animals exhibit early lethality, probably relating to LIS1 function in mitosis. 26 This study provides insight into how different functional alleles of LIS1 may produce the range of phenotypes observed in humans. Our detailed analysis identified the dorsal telencephalon as the most vulnerable to LIS1 dosage and that formation of the cortical plate, neuronal migration, neuronal morphology, and radial glia morphology are sensitive to LIS1 function. Hopefully, as the full understanding of the molecular complexes formed by LIS1 and its mutant alleles is achieved, the exact involvement of this gene in cortical development will be elucidated.
